Despite increasing appreciation of the critical role that neuroinflammatory pathways play in brain injury and neurodegeneration, little is known about acute microglial reactivity following diffuse traumatic brain injury (TBI) -the most common clinical presentation that includes all concussions. Therefore, we investigated acute microglial reactivity using a porcine model of closed-head rotational velocity/acceleration-induced TBI that closely mimics the biomechanical etiology of inertial TBI in humans. We observed rapid microglial reactivity within 15 min of both mild and severe TBI. Strikingly, microglial activation was restrained to regions proximal to individual injured neurons -as denoted by trauma-induced plasma membrane disruption -which served as epicenters of acute reactivity. Single-cell quantitative analysis showed that in areas free of traumatically permeabilized neurons, microglial density and morphology were similar between sham or following mild or severe TBI. However, microglia density increased and morphology shifted to become more reactive in proximity to injured neurons. Microglial reactivity around injured neurons was exacerbated following repetitive TBI, suggesting further amplification of acute neuroinflammatory responses. These results indicate that neuronal trauma rapidly activates microglia in a highly localized manner, and suggest that activated microglia may rapidly influence neuronal stability and/or pathophysiology after diffuse TBI.
Introduction
Traumatic brain injury (TBI) is a major health and socioeconomic problem, with over 1.7 million individuals afflicted each year and over 5 million exhibiting chronic neurological deficits in the U.S. alone (Faul et al., 2010; Hyder et al., 2007; Langlois et al., 2006) . Even so-called "mild" TBI -otherwise known as concussion -may lead to cognitive disruptions immediately post-injury as well as persistent neurological deficits likely resulting from disruption of neuronal circuitry (De Kruijk et al., 2001; De Monte et al., 2006; Leininger et al., 1990; Wolf and Koch, 2016) . However, it is not well understood how microglia, the inflammatory modulators of the CNS, contribute to acute neuronal health, homeostasis, and/or pathophysiology after TBI. Previously, murine CNS injury models indicated that microglia react to laser ablation within minutes of the initial insult (Davalos et al., 2005; Dibaj et al., 2010) . It remains unclear if a similar phenomenon occurs following closed-head (i.e., non-penetrating) TBI generally resulting from falls, collisions and/or blunt impacts (Coronado et al., 2012; Faul et al., 2010; Langlois et al., 2006) . Indeed, the vast majority of clinical TBIs are closed-head injuries caused by a sudden jolt or blow to the head, resulting in rapid rotational velocity/acceleration (inertial loading) and diffuse strain fields throughout the brain (Adams et al., 1989; Ommaya and Gennarelli, 1974; Povlishock, 1992; . These TBIs are difficult to model because there is no injury epicenter as is the case with predominantly focal TBIs -generally the dominant component of preclinical models using rodents -and the resulting neuropathology is often extremely subtle. Moreover, large brain mass and gyrencephalic architecture are key features in replicating the biomechanics and pathophysiological progression of closed-head TBI.
Therefore, we investigated acute microglial reactivity immediately following inertial TBI using an established porcine model with biomechanical fidelity to closed-head TBI in humans Meaney et al., 1995; Smith et al., 1997) . Since diffuse TBIs by definition lack a focal injury epicenter, we explored microglial activation in the context of neuronal trauma, specifically breaches in plasma membrane integrity (Cullen et al., 2011; Geddes et al., 2003; LaPlaca et al., 2009; Singleton and Povlishock, 2004) . Such plasma membrane disruptions are a hallmark consequence of supra-threshold loading during TBI, and may alter cell homeostasis due to loss of ionic gradients, osmotic imbalance, and calcium dysregulation (LaPlaca et al., 1997; Stone et al., 2004; Weber et al., 1999) . These acute membrane breaches are generally transient, as initially compromised cells survive the insult but may be dysfunctional or undergo delayed cell death (Cullen et al., 2011; Farkas et al., 2006; Singleton and Povlishock, 2004; Whalen et al., 2008) . In addition, microglia have been shown to be reactive at intermediate and chronic (e.g., days to years) time points after TBI (Johnson et al., 2013; Kelley et al., 2007; Lafrenaye et al., 2015) , and glial activation is likely mediated by warning factors released from damaged neurons (Davalos et al., 2005; Lee, 2013 ). Thus we hypothesized that microglia would be most reactive, as measured by distribution and morphology, in regions exhibiting acute neuronal damage and correlating with injury severity and number of injuries. We tested this hypothesis by subjecting swine to single or repetitive closed-head rotational TBI at levels previously established to result in an injury phenotype consistent with clinical definitions of "mild" or "severe" TBI in humans (Browne et al., 2011; Cullen et al., 2016; . In order to assess trauma-induced alterations in membrane permeability, the cell-impermeant dye Lucifer yellow (LY) was delivered into the ventricles to diffuse throughout the interstitial tissue prior to injury. LY would only gain intracellular access if the plasma membrane became compromised during or immediately following injury, similar in principle to other fluorescent permeability tracers used in the neurotrauma field (Cullen et al., 2011; Geddes et al., 2003; Harris, 2015; LaPlaca et al., 2009; Simon et al., 2009; Singleton and Povlishock, 2004; Stone et al., 2004) . Following closed-head rotational TBI, microglial cell characteristics were quantified as a function of distance from injured neurons. This model presents a unique potential for analyzing acute microglia reactively following closed-head diffuse TBI, and our findings suggest that rapid microglia activation depends on proximity to traumatically permeabilized neurons.
Materials and methods

Animal care and anesthesia
All procedures and protocols were approved by the Animal Care and Use Committee of the University of Pennsylvania. All animal care complied with the Guide for the Care and Use of Laboratory Animals (Clark et al., 1997) and followed the ARRIVE Guidelines. Female Yorkshire swine (n = 19) with an average weight of 22.5 kg were utilized in this study. No special diets were provided as the animals were housed indoors with feed and water, ad libitum. The housing facility was accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Prior to the injury procedure, animals were fasted for 18-20 h with water remaining ad libitum. After induction with a cocktail of ketamine (20-30 mg/kg; Hospira, 0409-2051-05) and midazolam (0.4-0.6 mg/kg; Hospira, 0409-2596-05), anesthesia was provided with 5% isoflurane (Piramal, ) via a snout mask and glycopyrrolate (0.01 mg/kg; West-Ward Pharmaceutical Corp., 0143-9682-25) was given subcutaneously. The animal was then intubated, and isoflurane was connected at maintenance levels (1.5-2.0%). Eye lubricant was used to minimize drying. Physiological monitoring allowed titration of anesthesia so that SpO 2 , heart rate, and respirations were within acceptable ranges (SpO 2 between 97 and 100%, heart rate between 110 and 130 beats per minute, and respirations between 9 and 12 breaths per minute).
Delivery of Lucifer yellow via intracerebroventicular injections
LY (Invitrogen, L453, Carlsbad, CA) was delivered into the lateral ventricles of all animals before the rotational/sham injury to demarcate cells permeabilized during the rotational injury. This aldehyde-fixable, normally cell-impermeable dye was delivered via a Hamilton syringe (Reno, NV). Animals were placed in a stereotactic head frame. The scalp was shaved and swabbed with betadine before a 4 cm incision was made. The scalp was reflected from the skull in order to visualize Bregma. Two 5 mm craniectomies were made at the following stereotactic co-ordinates: 1.0 mm posterior to Bregma, ± 6.0 mm lateral. A small incision in the dura was made with a 19-gauge needle. For each site in serial fashion, a sterile Hamilton syringe was lowered 18.0 mm from the surface of the dura mater to access the ventricles. Tissue was left to stabilize for 2 min before delivering 500 μL of LY (0.4 mg/kg in sterile saline) over a period of 10 min on each side using an UltraMicroPump III (World Precision Instruments, Sarasota, FL). The needle was slowly withdrawn at a rate of 2 mm/min, and the burr holes were sealed with bone wax. The incision site was sutured with 0-0 sutures, and the area was swabbed with betadine. A surgical plane of anesthesia was maintained through the injury/sham procedure and sacrifice. The injury occurred 2 h after the start of the first injection, which was optimized to allow even LY distribution throughout the interstitial tissue.
Porcine closed-head rotational/inertial TBI
Closed-head rotational TBI was induced under anesthesia using the HYGE pneumatic actuator, a device capable of producing pure impulsive non-impact head rotation with a controlled relationship between maximum rotational acceleration and injury severity, as previously described (Browne et al., 2011; Cullen et al., 2016; Smith et al., 1997 . The well-characterized model rapidly accelerates the head and induces inertial forces representative of human TBI from falls, collisions, or blunt impacts. Angular velocity was recorded using a magneto-hydrodynamic sensor (Applied Technology Associates, Albuquerque, NM) connected to a National Instruments DAQ, controlled by LabVIEW. Briefly, the animal was randomly assigned to an injury group and the animal's head was secured to a padded bite plate under anesthesia, and mounted to the HYGE device. In pigs, sagittal plane head accelerations (transverse to the brainstem) cause an enhancement of strain in the brainstem region compared to coronal plane accelerations (circumferential to the brainstem), therefore reduced levels of angular velocity/ acceleration are required to elicit loss of consciousness and coma (Browne et al., 2011; Cullen et al., 2016; Meaney et al., 1995; Smith et al., 1997 . Therefore, to induce a "mild" injury phenotype, single rapid head rotation was performed in the coronal plane (peak angular velocities of 193-299 rad/s; n = 7), whereas to induce a moderate-tosevere injury phenotype rotation occurred in the sagittal plane (peak angular velocities: 80-139 rad/s; n = 5). In prior studies, it was empirically determined that head rotation at these levels of angular velocity/ acceleration in the coronal plane did not induce measurable loss of consciousness or hematoma. However, head rotation at these levels of angular velocity/acceleration in the sagittal plane induced prolonged loss of consciousness and often significant hematoma . In addition to the single injuries, we performed repetitive injuries on a small cohort of animals in both the sagittal and coronal planes. Repetitive head rotation was either performed on the same day (separated by 15 min) or separated by 7 days; these animals only received LY intracerebroventicular injection on the day of their second injury (n = 4 total). Sham animals received all other procedures absent head rotation (n = 3).
Brain tissue acquisition and processing
All animals were sacrificed within 15 min of head rotational injury (15 min following the second injury for the animals subjected to repeated head rotation). Animals were transcardially perfused using heparinized saline (4°C, 4 L) followed by chilled, 4% paraformaldehyde (4°C, 8-10 L; Sigma, P6148). Brains were blocked in the coronal plane at 5 mm intervals, then cleared in PBS (phosphate buffered saline) and transferred to 30% sucrose until they sunk in the solution. The blocks were placed in OCT, flash frozen, and stored at − 80°C. Twenty-micron thick sections were cut coronally on a cryostat (Leica CM1860).
Immunohistochemistry and imaging
Florescent immunohistochemistry was performed with antibodies against ionized calcium-binding adapter molecule 1 (Iba1; rabbit IgG 1:300; Wako, 019-19741) or glial fibrillary acidic protein (GFAP; rabbit IgG 1:500; Millipore AB5804). Mounted sections were washed in PBS, and blocked in 4% non-specific goat serum with 0.3% Triton-X for 1 h at room temperature. Slices were incubated with primary antibody in blocking solution overnight at 4°C. Anti-rabbit secondary antibody (Invitrogen, A31573) was applied at a 1:1000 concentration for 2 h at room temperature in blocking solution. Sections were counterstained with Hoechst (Hoechst 33342, Life Technologies, H3570) or Fluo-Nissl (N21479, Life Technologies). Sections were preserved with Fluoromount-G (Southern Biotech) and coverslipped. Immunohistochemical images were acquired with a confocal microscope (Nikon A1RSI Laser Scanning Confocal or Zeiss LSM 710) using 10x or 20x objectives.
Quantification of Iba1 microglia morphology and distribution
While all animals in this study were qualitatively evaluated for changes in microglial reactivity, a subset of animals were subjected to in-depth single-cell analyses involving detailed quantitative scoring of microglial distribution and morphology in relation to permeabilized neurons (8495 total microglia scored across nine animals). A range of 388-1490 Iba1-labeled microglia were analyzed within each animal (1178 ± 90 cells for injured animals and 477 ± 45 cells for sham animals) to investigate morphological and density differences in sham (n = 3), mild (coronal plane rotation at 207-220 rad/s; n = 3), and severe (sagittal plane rotation at 114-139 rad/s; n = 3) injury animals. Note that the quantitative analyses were performed on animals that experienced a lower rotational velocity/acceleration within the coronal plane (approximating loading levels found to induce concussion in humans based on biomechanical scaling) to generate mild-TBI whereas quantitative analyses were performed on animals that experienced a higher kinematic loading (thus more severe trauma) within the sagittal plane. Images of microglia localized with LY + neurons and internal control images of microglia not localized with LY + neurons were generated for quantification. All Iba1 + /Hoechst + microglia were morphologically scored in ImageJ using a straight-line tool to measure the total cell diameter at the widest points and the soma diameter at the widest points. Thereafter, the cell's total diameter was divided by the soma diameter to generate a ratio where higher ratios represent a ramified, scanning morphology ( Fig. 1A) and lower ratios represent a reactive, amoeboid morphology (Fig. 1B) . This morphological scoring methodology was inspired by Hovens et al. (2014) , which similarly utilized a cell body to cell soma ratio, but for a population of microglia; we adapted this approach to allow single cell analysis. This scoring procedure was subsequently validated against the Hovens et al. morphology scoring method using a linear regression (Hovens et al., 2014) (Fig. 1D ) executed in Prism Version 6 for Mac OS X.
In order to determine microglia morphology as a function of distance from the nearest LY + neuron, images of microglia localized with LY + neurons were binned into three regions: a proximal region, where distance (d) from a permeabilized neuron was less than or equal to 60 μm; a medial region where 60 b d ≤ 105 μm; and a distal region where d N 105 μm from LY + neurons (Fig. 1C) . Bin sizes were chosen so that proximal and medial regions would be approximately four times the width of a microglia soma. Microglia measurements from each region were pooled to determine how distance from the nearest LY + neuron affected microglia morphology. If microglia were on the boundary of two regions they were grouped in the more proximal zone. Microglia morphology data from Fig. 5 is broken down to illustrate individual animal trends in Supplementary Fig. 2 . Microglia density as a function of distances was calculated by counting the number of microglia morphology tracings in each region before normalizing to the total area of each respective region. In order to examine the changing trend of microglia density across different regions, relative frequency graphs were smoothed utilizing a second-order smoothing function considering four neighboring points (Prism Version 6; Fig. 4G-H) . Subsequent, non-smoothed relative frequency graphs of microglia morphology scores were plotted by region and injury for trend comparisons within each animal ( Supplementary Fig. 1 ). All data is presented as mean ± standard error of the mean, where mean is calculated based on the number of animals and standard error of the mean was calculated as the standard deviation divided by the square root of the number of animals.
Statistical analysis
To achieve approximate normality, the microglia morphology scores and density data were log-transformed. A priori, it was of interest to determine (1) whether mean microglial morphology or density differed by injury level and (2) whether, for each injury level, mean microglial morphology or density differed between regions. Because there were insufficient animals to formally test for an interaction between injury and regions, we considered these hypotheses separately. For the morphology scores, we fit a linear mixed effects model that included animal as a random effect nested within injury; for the cell density data, which had a more skewed distribution, we used a generalized estimating equation with a Poisson link, and adjusted for the size of the area examined. This testing procedure is similar to ANOVA but allows repeated measurements on the individual animals (Fitzmaurice et al., 2004) . If the density or morphology test on the effect of region or injury achieved significance, we carried out a Bonferroni-Holm post-hoc test to adjust for multiple comparisons and maintain a family-wise error rate of 0.05. We note that analyses of the injury effect contrasted different animals, while analyses of the region effect were based on within-animal contrasts. The within-animal contrast eliminates between-animal variability. Thus smaller mean differences were detectable for the analysis of differences between regions, a within-animal contrast, than between injury levels, a between-animal contrast. The type I error rate was set to 0.05 and all hypothesis tests were two-sided. All analyses were carried out in R Studio Version 0.99.896 using R and the nlme, geepack, gtools, and gmodels packages (The R Development Core Team, 2016).
Results
All animals were euthanized 15 min after the last TBI, and their brains processed for immunohistological and confocal microscopy examination of plasmalemmal permeability and microglial activation. We found that the membrane impermeable dye, LY, demarcated neuronal somata and neurites experiencing acute membrane permeability as a result of diffuse TBI (Fig. 2) , consistent with previous reports Simon et al., 2009 ). Using confocal double-labeled fluorescent micrographs we determined distribution and morphology of microglia, denoted by expression of Iba1 + , as a function of distance from neurons exhibiting acute plasma membrane breaches (based on LY uptake) in both the cerebral cortex (cortical gray matter and sub-cortical white matter) (Figs. 3F-J, 4A-E, 5D-H, 6A-D) and hippocampus ( Fig. 5A-C) . Microglial activation was quantified using a cell body to cell size ratio (Fig. 1) .
Sham-injured animals exhibited few, if any, LY + neurons, whereas both mild and severe TBI resulted in a marked increase in the density of LY + neurons. Moreover, the cumulative burden of permeabilized neurons was at least 6-fold greater after severe versus mild TBI (Fig.  3B, D) . Across various anatomical levels of the cortex, the distribution of permeabilized neurons exhibited a "skip phenomenon" where localized patches of injured neurons were observed that were spanned by fields exhibiting no neuronal damage. Since injured neurons were the focal point for microglial analysis, fields were selected that contained permeabilized neurons (quantified regions contained a mean density of 18.2 ± 5.5 LY + neurons/mm 2 in mild-TBI and 31.1 ± 5.5 LY + neurons/mm 2 in severe-TBI) and were compared to adjacent fields in the same animals that did not have LY + neurons as well as anatomically similar fields in sham animals.
In sham animals, we found minimal evidence of reactive microglia, whereas following mild or severe TBI, microglia in the cortex and hippocampus exhibited extensive reactive morphology in fields containing permeabilized neurons (Figs. 3F-J, 4A-E, 5A-H). To better characterize microglial activation on a single-cell level, we quantified the distribution and morphology of Iba1 + /Hoechst + microglia in confocal micrographs as a function of the distance from traumatically permeabilized neurons (8495 microglia scored across multiple cortical regions from n = 9 pigs). This analysis revealed that in areas absent permeabilized neurons, microglia distribution was equivalent across sham, mild, and severe injuries (Fig. 4F ). In contrast, in areas that contained traumatically permeabilized neurons, there was a significant increase in microglia density that was enhanced based on proximity to injured neurons following either mild or severe TBI (Fig. 4F-H, Supplementary Fig. 1 ). Intriguingly, we found that regions absent LY + neurons did not differ from sham animals. Furthermore, we found that microglia density around LY + neurons after severe injures was comparable to microglia density around LY + neurons after mild injuries.
In tandem with our analysis of microglia density, we investigated changes in morphology in individual microglia. This analysis revealed that microglia morphology was not significantly different between sham animals and regions absent LY + neurons following either mild or severe TBI (Fig. 5I) . However, in regions close to permeabilized neurons following either mild or severe TBI, there was a shift toward a more reactive morphology (Fig. 5I-K, Supplementary Fig. 2 ) although these reactive behaviors were not different between injury severities. Frankly amoeboid microglia were primarily observed in fields containing traumatically permeabilized neurons; indeed, activated microglia were often observed directly abutting and wrapping around LY + neurons (Fig. 5C , E, G). Overall, our single cell analysis revealed that 54% of microglia exhibited a reactive morphology score of ≤2.0 (arbitrary threshold for analysis purposes) around permeabilized neurons post-TBI, as compared to only 28% of microglia in sham and 32% of microglia in To quantify morphology as a function of distance from permeabilized neurons, concentric circles were generated around LY neurons, creating proximal (b60 μm), medial (between 60 and 105 μm), and distal (N105 μm) zones of microglia (C). This nascent single cell morphology characterization methodology was compared to an established microglia morphology metric (Hovens et al., 2014 ) with a linear regression and 95% confidence interval bands in order to validate this new methodology (D; using 11 images each containing 10-23 microglia). The linear regression had an R-squared value of 0.7674. sham] (Supplementary Fig. 2 ; red lines). In contrast to sham and single injuries, administration of repetitive injuries on the same day influenced microglia morphology to become even more reactive, with some microglia exhibiting an amoeboid morphology and some microglia exhibiting morphologies between hypertrophic and amoeboid states (Fig. 6A-B) . Repetitive mild injuries on the same day resulted in less reactive microglia relative to repetitive severe injuries on the same day -which exhibited atypical, but clearly reactive microglia (Fig. 6A-B) . After repetitive injuries separated by 7 days, microglia were still processes-bearing, but the branches were often thicker and less numerous than sham, single injuries, and sameday repetitive injuries, suggesting further elevation of reactivity levels ( Fig. 6C-D) . Multiple amoeboid microglia were observed around LY + neurons after severe repetitive injuries separated by 7 days (Fig. 6D ). These observations suggest that neuroinflammatory effects are exacerbated after repetitive closed-head diffuse brain injury, and should therefore be a consideration when investigating repetitive mild and/or severe TBI events.
Discussion
In this study, we assessed features of acute microglial activation after closed-head TBI in swine, since neuroinflammation is suspected to be a major contributor of progressive neurotoxicity, neurodegeneration, and neurological deficits after injury (Erturk et al., 2016; Patterson and Holahan, 2012) . We found that neurons exhibiting acute plasma membrane disruptions were present in a multi-focal pattern throughout the cerebral cortex, subcortical white matter, and hippocampal regions after either mild or severe injury, but with a significantly higher burden following severe TBI. Following mild or severe TBI, we observed microglia reactivity increased only in regions that contained permeabilized neurons, while microglia reactivity was unchanged in regions absent neuronal damage. Interestingly, we did not find significant differences in microglia density or morphology within fields containing permeabilized neurons after mild compared to severe TBI. However, it is important to note that our single cell quantification methodology does not directly account for the observation that the total burden of cortical neuronal permeability was greater following severe versus mild TBI. In fact, our single-cell analysis methodology was deliberately focused on areas exhibiting LY + neurons, and while providing a detailed examination of localized microglia reactivity, may not provide a representative measure of total microglia reactivity. Therefore, these findings must be interpreted contextually with the observation that there was a greater burden of neuronal permeability, and hence more regions of significant microglial activation, following severe versus mild TBI. Importantly, these data suggest that the presence of damaged neurons, as denoted by plasmalemmal disruptions, induced a profound yet highly localized impact on microglia reactivity within 15 min post-injury. However, failure to detect differences between localized microglial reactivity following mild versus severe TBI may also suggest that microglia are maximally responding to neuronal damage at this acute time; for instance this may suggest that it does not require a large "dose" of permeabilized neurons to elicit a maximal localized response within 15 min of trauma. In future studies, an examination of additional acute and subacute time points will be essential to determine if there is a divergence in localized microglial activation profiles between severe and mild closed-head diffuse TBI over time. We also speculate that globally measurable changes in microglial reactivity may manifest over longer time scales. Increasing microglia densities in regions proximal to damaged neurons suggest that microglia could be migrating toward the damaged neurons or proliferating around damaged neurons. Alternatively, monocyte-derived macrophages could be infiltrating through the peripheral vasculature. Surprisingly, the microglia density measurements increased in proximity to injured neurons but did not change in regions distal to LY + neurons. These data imply that microglia were not migrating toward damaged neurons as this would have depleted microglial density in distal regions. While our analysis cannot exclude the possibility of either proliferation or recruitment, it is unlikely that microglia have the capacity to mitotically divide in such an acute time (Mander et al., 2006; Shankaran et al., 2007) , suggesting that our Iba1 labeling may have captured a mix of endogenous microglia and rapidly infiltrating leukocytes, although further analysis will be required to differentiate these populations. Delineation between monocyte-derived macrophages and microglia typically utilizes flow cytometry against CD-45 intensity (Wattananit et al., 2016) . However, this procedure is not applicable in the current experimental paradigm because the premise of our analysis was microglial activation based on spatial proximity to permeabilized (LY + ) neurons, a feature obviously lost during tissue dissociation required for flow cytometry. Future studies that are able to preserve spatial resolution of the tissue and identify origins of these Iba1 + cells may employ techniques such as in situ hybridization, monocyte-derived macrophage pre-labeling studies, and/or optimization of species (pig)-specific antibodies; however, these techniques are nontrivial and non-standard (especially in the pig), and require extensive development and validation in order to reliably ascertain the origin and functionality of these cells. This is the first report of rapid microglial activation following closedhead diffuse TBI in a large, gyrencephalic animal model and, to our knowledge, it is also the first report of reactive microglia preferentially localized to membrane-permeabilized neurons. Recent investigations of microglial behavior after rodent models of closed-head TBI suggest that microglia change morphology, may prevent parenchymal cell death within the first 12 h after injury, and colocalize with debris escaping from leaky vasculature (Huber et al., 2016; Roth et al., 2014) . Building on these findings, we utilized a single-cell analysis methodology and observed a shift toward a more reactive, amoeboid morphology in microglia localized to damaged neurons but did not observe reactive microglia morphology in regions absent neuronal damage. The profound shift of microglial morphology in regions containing neuronal damage underscores the seemingly direct influence of injured neurons on rapid microglial activation in our model. Indeed, as global injury-induced changes in microglial activation were not observed at this acute timepoint, our findings suggest that localized neuronal damage -such as plasmalemmal compromise -may be essential in driving acute microglial activation. Additionally, because LY was administered intraventricularly and evenly distributed throughout the brain parenchyma prior to TBI, we do not believe that blood brain barrier disruption would influence the access of membrane-damaged neurons to LY. However, local tissue deformations/strain fields that induce neuronal membrane damage may also colocalize with regions of mechanically induced blood brain barrier compromise. Therefore, disruption of the blood brain barrier may also contribute to the observed acute microglial reactivity, and future studies using this porcine model should address this issue.
We also examined the effects of repetitive diffuse brain injury on acute microglial activation in relation to traumatically permeabilized neurons. Because administration of repetitive injures confounds evaluation of "immediate" microglial activation, detailed single-cell quantitative analyses of microglial distribution and morphology were not performed in this cohort. However, our qualitative findings suggest that, not surprisingly, microglia become more reactive and amoeboid following repetitive injuries relative to single injury. These augmented microglial reactivity changes were most striking following repetitive injuries separated by 7 days, suggesting that secondary injury progression may significantly contribute to the development of microgliosis and/or an increased microglia sensitivity to subsequent injuries in this model. Interestingly, in the repetitive cohort, microglia reactivity did not appear to correlate as strongly with the presence (or density) of LY + cells, as was demonstrably the case with single injuries.
These findings suggest that repetitive injury and/or a longer time point after a first injury may elicit more global changes in microglial reactivity; however, additional experiments, including more experimental time points, will be required to substantiate this conclusion. Regardless, these findings of exacerbated microglial activation following repetitive TBI may have future implications for intermediate and chronic neurodegenerative sequelae, potentially including chronic traumatic encephalopathy.
Collectively, these findings demonstrate rapid microglial activationin particular an increase in the density of amoeboid morphologies -following closed-head diffuse TBI, with traumatically permeabilized neurons serving as localized epicenters of microglia reactivity in the acute phase. Although multiple neuronal and axonal injury phenotypes have been described post-TBI (Johnson et al., 2016; Singleton and Povlishock, 2004; Stone et al., 2004) , the population exhibiting plasma membrane damage may be particularly powerful in driving neuroinflammatory responses due to the uncontrolled release and subsequent diffusion of factors normally sequestered intracellularly. Although the modified Hovens ratio that we employed to quantitatively assess microglia diameter was capable of detecting microglia reactivity, this methodology may not be sensitive to more subtle morphological changes such as alterations in secondary process branching. As such, future studies may build on this work by employing more comprehensive morphological analyses on a per-cell basis to better detect other reactive changes such as secondary process thickening, expansion, or retraction -such nuanced alterations may also be sensitive to neuronal trauma or other TBI effects. Further investigation into the contribution of these rapidly activated microglia to neuronal stability after TBI is necessary to fully appreciate their role in pathophysiological progression. Activated microglia in the vicinity of acutely injured neurons may be beneficial to reestablish neuronal homeostasis, sequester harmful molecules, or release acute neuroprotective cytokines (Herx et al., 2000; Roth et al., 2014) . However, it is also possible that acutely activated microglia hinder the health of permeabilized neurons by secreting deleterious factors -cytokines that could non-specifically distress neurons not originally damaged by the traumatic event (Block et al., 2007; Scherbel et al., 1999) . Indeed, neuroinflammation contributes to neuronal regeneration, but has also been suggested to have a leading role in chronic neural dysfunction and degeneration (Patterson and Holahan, 2012) . Importantly, our findings were attained using a gyrencephalic animal model that closely replicates the injury biomechanics of TBI in humans. This suggests that acute inflammatory pathways may be relevant even following so-called "mild" TBI in humans, therefore future efforts should be directed towards the goal of augmenting potential protective effects while preventing the amplification of deleterious signaling.
Conclusion
It is well-established that microglia-induced inflammation significantly contributes to pathological progression after CNS injury.
However, understanding the onset, mechanism(s), and implications of inflammation in the brain is essential to develop successful and translatable immunomodulatory therapeutics for concussion and more severe TBIs. The present findings suggest that acute neuronal damage -manifested via plasma membrane disruptions -may be essential for rapid microglial activation following closed-head diffuse TBI. Indeed, we found that within minutes post-injury, activated microglia were appreciable in the vicinity of injured neurons, but global changes were not detectable, suggesting that neuronal damage is an initial "trigger" for neuroinflammatory responses in non-penetrating TBI. This platform may be further exploited to investigate the influence of the innate immune system on neuronal homeostasis and/or pathology following closed-head diffuse TBI.
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